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Lecture plan
1. Genome engineering (gene therapy)

2. Methods of genome-editing
• DNA double-stranded break (DSB)

Targeted nucleases
• Zinc finger (ZF) nucleases based on eukaryotic transcription factors
• Transcription activator-like effectors (TALEs) from Xanthomonas bacteria
• Meganucleases
• Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas

• History
• Function

3. Genome-editing methods application
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DNA double-stranded break (DSB)

• Known from late 1980s
• Generating knockout and knockin animal models by manipulating 

germline cells
• Recombination events occure infrequently (1 in 106 – 109 cells)
• Nonhomologous end-joining (NHEJ)
• Homology-directed repair (HDR)



DNA double-stranded break (DSB)

Hsu PD, et al., Cell, 2014



DNA double-stranded break (DSB)

Hsu PD, et al., Cell, 2014



DNA double-stranded break (DSB)

Hsu PD, et al., Cell, 2014



DNA double-stranded break (DSB)

Hsu PD, et al., Cell, 2014



Targeted nucleases – protein based methods

• Zinc finger (ZF) nucleases based on eukaryotic transcription factors
• Transcription activator-like effectors (TALEs) from Xanthomonas bacteria
• Meganucleases
• Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas

• In the last 10 years more than 4 000 papers with the keywords gene-editing or 
genome-editing techniques were published
• DSB – 100 papers
• Chemical methods - 252 papers
• ZF – 890 papers
• TALEs – 1 136 papers
• Meganucleases – 83 papers
• CRISPR – 11 421 papers



Zinc finger (ZF) nucleases

Maede ML & Gersbach CA, Molecular Therapy, 2016

• FokI restriction endonuclease



Zinc finger (ZF) nucleases 9 nt

13 nt

Wah DA, et al., PNAS, 1998

FokI



Zinc finger (ZF) nucleases

Maede ML & Gersbach CA, Molecular Therapy, 2016

• FokI restriction endonuclease
• Replacement FokI DNA-binding 

domain with ZF domain
• ZF finger recognizes 3 bp



Transcription activator-like effectors (TALEs)

Maede ML & Gersbach CA, Molecular Therapy, 2016

• from the plant pathogen Xanthomonas



Transcription activator-like effectors (TALEs)

TAL effector (PDB: 3ugm), spacefill by David Goodsell. 
Stripes are repeat domains

• from the plant pathogen Xanthomonas
• TALEs bind promoter sequences in the 

infected plant
• Activates the expression of plant genes 

that aid bacterial infection

https://en.wikipedia.org/wiki/Protein_Data_Bank
https://www.rcsb.org/structure/3ugm


Transcription activator-like effectors (TALEs)

Maede ML & Gersbach CA, Molecular Therapy, 2016

• from the plant pathogen Xanthomonas
• DNA-binding domain consists of a 

variable number of ~34 amino acid 
repeats

• One repeat recognizes one base pair
• One repeat:
LTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG

Residue Base

NI A

HD C

NG T, 5mC

NN R

NS N

NK G

NH G



Meganucleases

Maede ML & Gersbach CA, Molecular Therapy, 2016

• Meganuclease technology involves re-
engineering the DNA-binding specificity of 
naturally occurring homing endonucleases

• ”molecular DNA acissors”
• well-characterized and commonly used are
• I-CreI (mitochondria of the S. cerevisiae)
• I-SceI (chloroplasts of the Chlamydomonas

reinhardtii)
• I-DmoI (archaebacterium Desulfurococcus mobilis)

• homing endonucleases are difficult to 
separate, and the relative difficulty of 
engineering proteins



Clustered regularly interspaced short 
palindromic repeats (CRISPR)-Cas

Maede ML & Gersbach CA, Molecular Therapy, 2016

• derived from an adaptive immune system that evolved in 
bacteria

• Type II CRISPR system: CRISPR RNA (crRNA), trans-
activating crRNA (tracrRNA), Cas9 protein (from Streptococcus 

pyogenes)
• Guide RNA (gRNA) = crRNA + tracrRNA
• protospacer-adjacent motif (PAM) – DNA sequence

located on 3’ site of tergeted sequence
• 5’-NGG-3’ is necessary for binding and cleavage of 

DNA by the Cas9



Comparison of genome-editing methods
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Clustered regularly interspaced short 
palindromic repeats (CRISPR)-Cas
• Adaptive immune system

• 50% bacteria
• 90% archea

• 93 cas genes, grouped into 35 families
• The best explored method

• In the last 10 years more than 4 000 papers with the keywords gene-editing or 
genome-editing techniques were published
• DSB – 100 papers
• Chemical methods - 252 papers
• Meganucleases – 83 papers
• ZF – 890 papers
• TALEN – 1 136 papers
• CRISPR – 11 421 papers

According to Khan SH, Molecular Therapy: Necleic Acids, 2019



The Nobel Prize in Chemistry 2020

"for the development of a method 
for genome editing."

https://www.nobelprize.org/prizes/chemistry/2020/summary/



Clustered regularly interspaced short 
palindromic repeats (CRISPR)-Cas - history

Hsu PD, et al., Cell, 2014



Clustered regularly interspaced short palindromic 
repeats (CRISPR)-Cas - function

https://en.wikipedia.org/wiki/CRISPR#/media/File:Crispr.png
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Clustered regularly interspaced short palindromic 
repeats (CRISPR)-Cas - function

Hsu PD, et al., Cell, 2014

crRNA + tracrRNA =
gRNA



Gene-editing application

• Antivirial strategies
• Cancer immunotherapy
• Duchenne Muscular Dystrophy (DMD)



Delivery of genome-editing tools

Maede ML & Gersbach CA, Molecular Therapy, 2016



Antivirial strategies

• the most advanced gene-editing strategy to date is the ex vivo 
modification of T cells to knock out the CCR5 co-receptor used for 
primary HIV infection



Interactions between HIV particle and cell surface 
receptors during virus entry

Haworth KG et al., Cytotherapy, 2017



Berlin Patient

• First person cured of HIV infection (Timothy Ray Brown)
• Diagnosed with acute myeloid leukemia
• hematopoietic stem cell transplant
• Donor with the CCR5-Δ32 mutation
• CCR5-Δ32 – inactivates gene



HIV therapy

• combination antiretroviral therapy (cART)
• e.g. zidovudine (AZT) - thymidine analogue; blocks HIV's reverse

transcriptase



HIV therapy – future perspectives

Herrera-Carrillo E, et al., Briefings in Functional Genomics, 2019



HIV therapy – future perspectives

long-acting slow-effective 
release antiviral therapy 
(LASER ART)

Dash PK, et al., Nature Communications, 2019



Cancer immunotherapy



Cancer immunotherapy

Active Passive

targets tumor cells via the immune 
system

e.g.
cancer vaccines
CAR-T cell
targeted antibody therapies

enhances the ability of the immune 
system to attack cancer cells

e.g.
checkpoint inhibitors
cytokines



Cancer immunotherapy – strategy

https://synbiobeta.com/crispr-clinical-trials-a-2019-update/



Cancer immunotherapy – CAR-T cells

Chimeric antigen receptor T cells (also known as CAR-T cells)

Chimeric -> antigen binding + T-cell activating functions

https://upload.wikimedia.org/wikipedia/commons/a/ae/Depiction_of_3_generations_of_CARs.jpg



Cancer immunotherapy – CAR-T cells

Srivastava S et al., Trends in Immunology, 2015



Cancer immunotherapy

Adoptive T-cell immunotherapy, in which autologous T-cells are
engineered to attack cancer antigens ex vivo and transferred back to 
the patient, has been impressively successful at treating some cases of 
leukemia (targeted the antigene CD19), lymphoma, and melanoma.



Cancer immunotherapy – challenges

• need to use autologous cells to avoid immune rejection
• the inhibition of T-cell effector functions by the expression of

checkpoint inhibitors on the surface of tumor cells.



Cancer immunotherapy – challenges

• need to use autologous cells to avoid immune rejection
• the inhibition of T-cell effector functions by the expression of

checkpoint inhibitors on the surface of tumor cells.

Angelousi A, et al., Neuroendocrinology, 2018



Duchenne Muscular Dystrophy (DMD)



Duchenne Muscular Dystrophy (DMD)

• 1:3500 male births
• Boys die in their 20s, due to respiratory or

cardiac complications
• Symptoms:
• Muscle weakening and wasting
• Difficulties with: walking, running, climbing stairs, 

raising from the ground
• Bulky calf muscles

Fox H, et al., BMJ, 2020



Duchenne Muscular Dystrophy (DMD)

Aartsma-Rus A, et al., Journal of Medical Genetics, 2015 Ehmsen J, et al., Journal of Cell Science, 2002



DMD – gene therapy

Aguti S, et al., Expert Opinion on Biological Therapy, 2018



DMD – gene therapy

Aguti S, et al., Expert Opinion on Biological Therapy, 2018





Evans blue dye (EBD) is a reliable in vivo marker of myofiber damage



Bioethics

’’The birth of the first genetically tailored humans would be a stunning medical 
achievement, for both He and China. But it will prove controversial, too.
Where some see a new form of medicine that eliminates genetic disease, others 
see a slippery slope to enhancements, designer babies, and a new form of 
eugenics.”

https://www.technologyreview.com/s/612458/exclusive-chinese-scientists-are-creating-crispr-babies/

They planned to eliminate a gene called CCR5 in hopes of rendering the 
offspring resistant to HIV, smallpox, and cholera.

Chinese scientists are creating CRISPR babies – Lulu and Nana



Haworth KG et al., Cytotherapy, 2017



Duchenne Muscular Dystrophy (DMD)

Ousterout DG, et al., Nature Communication, 2015


